Orthogonal frequency division multiplexing (OFDM) is a common technique in multi carrier communications. One of the major issues in developing OFDM is the high peak to average power ratio (PAPR). Golay sequences have been introduced to construct 16-QAM and 256-QAM (quadrature amplitude modulation) code for the orthogonal frequency division multiplexing (OFDM), reducing the peak-to-average power ratio. In this paper we have considered the use of coding to reduce the peakto-average power ratio (PAPR) for orthogonal frequency division multiplexing (OFDM) systems. By using QPSK Golay sequences, 16 and 256 QAM sequences with low PAPR are generated.
INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is a modulation technique which splits a high-rate bit stream into several parallel low-rate data streams and uses these substreams to modulate a number of orthogonal subcarriers by Fourier transform processing [1, 2] . OFDM achieves robustness against multipath fading because of longer symbol duration for each subcarrier and against the intersymbol interference by inserting a guard interval in every OFDM symbol. For these reasons, OFDM has been adopted in many communication applications, such as wireless local area networks [3] and digital audio and video broadcasting [4] . In spite of many advantages, a major drawback of OFDM is that it has a high peak-to-average power ratio (PAPR). Since an OFDM signal is composed of a number of independently modulated subcarriers, it results in a high PAPR value when added up coherently. A modulation scheme with high PAPR requires a linear amplifier with a large dynamic range. The high PAPR increases the dynamic range of the analog-to-digital converter and degrades the efficiency of a linear power amplifier. Therefore, to find ways to control the PAPR of the transmitted signals in OFDM systems has become a very active research area in communication communities [5] .
OFDM sequences constructed from Golay sequences not only enjoy the low PAPR values but also have better error-correcting capabilities . Since quadrature amplitude modulation signals are frequently adopted in OFDM system, the 16-QAM OFDM sequences with low PAPR are constructed from two quaternary phase-shift keying (QPSK) Golay complementary sequences in These results are extended to 256 QAM sequences .
PEAK TO AVERAGE POWER RATIO
The transmitted OFDM signal is the real part of the complex signal S(t) = n−1 i=0 c i (t)e 2jπfi t , where f i is the frequency of the ith carrier, c i (t) is constant over a symbol period of duration T [6] . To maintain orthogonality, the carrier frequencies are related by
f i = frequency of the ith carrier, f 0 = smallest carrier frequency, ∆f = integer multiple of the OFDM symbol rate.
Let c i (t) takes the value c i over a given symbol period, then the corresponding OFDM signal is denoted by S c (t) and can be expressed as
Instantaneous envelope powe associated with the sequence S c (t) is given by
Also the aperiodic autocorrelation of sequence 'a' of length 'n' is given by
Therefore, P c (t) can be written as
where
Similarly,
Adding equation (1) & (2), we get
Therefore,
Golay Complementary Sequences
Let us consider two sequences 'a' and 'b' of length 'n',ie
The aperiodic autocorrelation of the sequence c can be defined as
These two sequences are said to be a Golay complementary pair if sum of their aperiodic autocorrelation is a delta function [7] . Thus,
Any sequence which is the member of the Golay complementary pair is called a Golay complementary sequence (GCS). Therefore,
Since the complex envelope signal S a (t) and the input vector c = [c k ] n−1 k=0 forms the Fourier series pair, their conjugates also forms a Fourier pair.
Since A c (u) and P c (t) forms the Fourier transform pair, therefore aperiodic autocorrelation can be studied in frequency domain to obtain the knowledge about P c (t) in time domain [8] . Therefore
The PAPR of the transmitted codeword c can be defined as
Let C be the collection of all the codewords that are to be transmitted. Then the average power of the transmitted signals of C is
p(c) is the probability of the transmission of the codeword c.
Also the average power of c can be expressed as
With unit energy for PSK modulation, the average power c 2 of any sequence c is equal to
P a (t) and P b (t) are non-negative and P a (t) + P b (t) = n + n = 2n, thus we have
Construction of 16-QAM sequence as a sum of two QPSK sequences
Consider S QP SK be the set of QPSK constellation symbols and can be represented as A 16-QAM constellation symbols can be written as the sum of two QPSK symbols. Therefore, QPSK or 4-psk constellation can be realized as the set P SK = {j
x , x = 0, 1, 2, 3} . We can associate with any QPSK c = (c 0 , c 1 , . . . , c n−1 ), a unique sequence
Substituting the values x = 0, 1, 2, 3 in P SK = j x we obtain S QP SK = e . Therefore equation (6) can be written as
Assumption has been taken that the minimum Euclidean distance between signal points of 16-QAM constellation is one and the signal point is used with equal probability [9] .
Average Energy
∴ Average power is P av = 2.5 n . (8) Let S x (t) and S y (t) be the two QPSK OFDM symbols, then with ξ = {x, y}
A 16-QAM OFDM symbol S c (t) can be written as the sum of the two QPSK OFDM signals. They can be represented as
Taking the value of c k from equation (7), we can write From (9) and (10), we can write
Let x and y be the two Golay complementary sequences of length 'n'. Thus instantaneous envelope power of a 16-QAM OFDM signal S c (t) is bounded above by
As PAPR is defined in equation (5), we can write, PAPR = max .power avg.power = 9n 2.5n = 3.6 PAPR(db) = 10 log 10 3.6 = 5.56 (dB) .
Therefore PAPR for 16-QAM OFDM signal is bounded above. Figure 2 .shows the comparison of theoretical and simulated results of PAPR for 16 QAM.
Construction of 256-QAM OFDM sequences
256-QAM sequences can be constructed as the vector sum of four QPSK sets. Let S 256-QAM denotes the 256-QAM constellation symbols and can be written as the sum of four QPSK symbols [10] .
(13) Figure 3 shows the 256-QAM constellation diagram as the vector sum of four QPSK symbols.
Let S x (t), S y (t), S w (t) and S z (t) be the four QPSK OFDM signals. Consider c = c 0 , c 1 , . . . , c n−1 , where c i ∈ S 256-QAM which could be associated with four QPSK sequences.
again with ξ = {x, y, w, z} .
A 256-QAM OFDM signal may be written as the weighted sum of four QPSK OFDM signals by
Instantaneous envelope power is defined by Fig. 3 . 256-QAM symbols as the sum of four QPSK symbols 
CONCLUSION
In this paper, we have proposed a technique to construct a 16-QAM and 256-QAM sequence from a combination of QPSK sequences. If these QPSK sequences are Golay sequences derived from Reed-Muller codes , then the constructed QAM sequence has a low PAPR which is suitable for OFDM systems. We have considered in this paper the reduction of peak-to average power ratio in OFDM systems for the QAM constellation, in particular for 16-QAM and 256 QAM. The methods developed in this paper can be applied to generate OFDM sequences with low PAPR for 1024-QAM constellations.
